The importance of iron to bacteria is shown by the presence of numerous iron-scavenging and transport systems and by many genes whose expression is tightly regulated by iron availability. We have taken a global approach to gene expression analysis of Salmonella enterica serovar Typhimurium in response to iron by combining efficient, high-throughput methods with sensitive, luminescent reporting of gene expression using a random promoter library. Real-time expression profiles of the library were generated under low-and high-iron conditions to identify iron-regulated promoters, including a number of previously identified genes. Our results indicate that approximately 7% of the genome may be regulated directly or indirectly by iron. Further analysis of these clones using a Fur titration assay revealed three separate classes of genes; two of these classes consist of Fur-regulated genes. A third class was Fur independent and included both negatively and positively iron-responsive genes. These may reflect new iron-dependent regulons. Iron-responsive genes included iron transporters, iron storage and mobility proteins, iron-containing proteins (redox proteins, oxidoreductases, and cytochromes), transcriptional regulators, and the energy transducer tonB. By identifying a wide variety of iron-responsive genes, we extend our understanding of the global effect of iron availability on gene expression in the bacterial cell.
Salmonella enterica serovar Typhimurium is a facultative, gram-negative intestinal pathogen that is a major cause of acute gastroenteritis worldwide. Salmonella encounters a range of environments and gene regulation is tightly controlled to adapt to the requirements of the bacterial cell, including changes in nutrient availability. Iron is an essential element, acting as a cofactor for numerous enzymes, and is involved in electron transport and redox reactions in the cell. The absolute requirement for iron is compounded by the ability of Fe 3ϩ to generate free radicals that are capable of damaging the cell through the Fenton and Haber-Weiss reactions, resulting in oxidative stress (11) . The Salmonella serovar Typhimurium genome contains a number of iron-responsive genes that allow for the uptake and storage of iron, with regulation mediated primarily through the ferric uptake regulator (Fur). Fur is a well-characterized transcriptional repressor that regulates gene expression in response to iron (18) (19) (20) . Iron regulation in this bacterium has primarily focused on the identification and characterization of Fur-responsive elements, including 14 genes identified by a Fur titration assay (47) and a Salmonellaspecific iron transport system that is required for virulence (23, 54) . However, Salmonella contains a number of iron-containing proteins and iron-responsive elements (15, 30) that have not been identified in Fur-dependent screens and therefore may be regulated through other mechanisms. As pathogens encounter environments of both limiting and replete iron, it is important to characterize the response of the entire genome to iron availability. This will aid in a better understanding of the mechanisms of gene regulation and adaptation in the host.
The availability of complete bacterial genome sequences has permitted a shift in the focus of microbial gene expression studies from the analysis of a few transcriptional units to the examination of expression patterns on a whole-genome scale. The technological advances accompanying genomic studies have led to the development of a variety of approaches for gathering large-scale gene expression data. Several methods for analysis of differential gene expression exist, including microarrays, LuxArray, and differential fluorescence induction. Complications of microarray analysis include its reproducibility and standardization (9, 10, 21, 24, 27, 44) . Differential fluorescence induction uses flow cytometry to select bacteria containing transcriptionally active regulatory regions cloned upstream of a promoterless green fluorescence protein (GFP) reporter gene (29, 43, (48) (49) (50) ; however, there are technical challenges associated with sorting bacteria. The LuxArray system of genome-wide transcriptional analysis uses specific bioluminescent reporter strains arrayed on solid-phase media (51) . Only three published studies have examined the impact of iron on the global response of bacteria, specifically Pasteurella multocida (39) , Mycobacterium tuberculosis (42) , and Pseudomonas aeruginosa (37) , all using DNA microarrays.
In this study, we present a high-throughput approach based on the construction of a random promoter library for differential gene expression profiling in Salmonella serovar Typhimurium in response to iron. This method uses a sensitive, luminescent reporter-detection system that readily monitors ranges in promoter activity and accurately reflects real-time changes in gene expression in response to iron. This global gene expression profile provides greater insight into the complex genetic regulation associated with iron availability.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The Salmonella serovar Typhimurium strain used in this study for library construction was ATCC 14028 (American Type Culture Collection, Manassas, Va.). Salmonella serovar Typhimurium and Escherichia coli strains were cultured aerobically at 37°C in LuriaBertani (LB) medium (Invitrogen Canada Inc., Burlington, Ontario, Canada) or M9 minimal medium (Becton Dickinson Canada Inc., Mississauga, Ontario, Canada) supplemented with 0.1% Casamino Acids (Becton Dickinson Canada Inc.) and 0.5% glycerol. For analysis of the vector controls and flagellum promoter, RP437 (obtained from J. S. Parkinson), a chemotactic E. coli K-12 derivative, was grown aerobically at 30°C in tryptone broth (per liter: 10 g of tryptone, 8 g of NaCl). Kanamycin (KAN) was included in the culture media or agar plates at a concentration of 50 g/ml as required. Iron-limiting and iron-rich conditions were created by the addition of 200 M 2,2Ј-dipyridyl and 100 M FeCl 3 , respectively, to LB medium (unless otherwise stated). E. coli donor strain 1808 (MC4100⌬asd, recA::RP4-2Tc::Mu Km) was used for conjugations with the iron-responsive library subset. This strain was grown aerobically at 37°C in LB medium supplemented with 0.4% glucose and diaminopimelic acid (100 g/ml). KAN was added at a concentration of 50 g/ml, and tetracycline (TET) was added at a concentration of 15 or 30 g/ml when appropriate.
Construction of the Salmonella serovar Typhimurium random promoter library. Genomic DNA was isolated (2) and partially digested with Sau3AI (Invitrogen Canada Inc.). Fragments of 1 to 2 kb were obtained by sucrose density gradient centrifugation (2) and ligated using T4 DNA ligase (Invitrogen Canada Inc.) into the BamHI-digested site of pCS26-Pac (Fig. 1A) . All transformations were carried out according to standard procedures (2) and occurred by electroporation using a Gene Pulser (Bio-Rad Laboratories Inc., Hercules, Calif.). To increase efficiency of library construction, ligation products were first introduced into ElectroMAX DH10B cells (Invitrogen Canada Inc). Each electroporation yielded six pools of 150 l, and each pool consisted of ϳ8,000 transformants.
Plasmid DNA was prepared from each pool and introduced into Salmonella serovar Typhimurium TN2540 (hsd r Ϫ m ϩ ). Pools of plasmid DNA were prepared and moved into Salmonella serovar Typhimurium 14028. Transformants were picked and transferred to LB medium in black 384-well microtiter plates (3710 Costar; Corning Incorporated, Corning, N.Y.) using a colony-picking robot (Norgren Systems, Palo Alto, Calif.) and incubated at 37°C for 6 h. The clones were assayed for luminescence in a Wallac Victor 2 1420 multilabel counter (Perkin-Elmer Life Sciences, Boston, Mass.) and transferred into minimal medium by using a 384-pin manual plate replicator (catalog no. VP 386; V&P Scientific, San Diego, Calif.). Following incubation at 37°C, both sets of plates were assayed for promoter activity at 20 h. Clones exhibiting promoter activity were rearrayed (using Norgren Systems software) and grown in LB medium in 384-well plates. These selected clones exhibiting promoter activity represent the random promoter library.
Library screening method. To screen for genes responsive to iron, the random promoter library was cultured overnight in low-iron medium supplemented with KAN. The library was then inoculated into the appropriate medium for the screen (low or high iron) with a 384-pin plate replicator. Inoculated plates were incubated at 37°C and luminescence readings were measured in the Wallac Victor 2 1420 multilabel counter. When performing the initial screens for ironresponsive clones readings were taken at 6 and 20 h. A subset of clones with differential expression of threefold or more were identified and rearrayed as a separate promoter set for further study. To determine and characterize genuine versus false iron-responsive promoters, additional screens with this subset were performed. When rescreening smaller subsets, the overnight cultures were diluted 1:300 in the appropriate media in 96-well clear-bottom black plates (9520 Costar; Corning Incorporated) and were assayed for both luminescence and absorbance over the desired time course. For this study, raw luminescence data was not normalized, to allow comparison of absolute expression levels between different clones.
DNA sequencing and sequence analysis. Iron-responsive promoters were PCR amplified using the pZE.05 (5ЈCCAGCTGGCAATTCCGA-3Ј) and pZE.06 (5Ј AATCATCACTTTCGGGAA-3Ј) primers, flanking the BamHI site of pCS26-Pac. PCR products were sequenced (QIAGEN Genomics Inc. Sequencing Ser-
FIG. 1. (A)
The reporter plasmid pCS26-Pac. The salient features of this pZS derivative (28) include low copy number, strong transcriptional terminators, unique promoter cloning sites, and luxCDABE of Photorhabdus luminescens (33) . pCS26-Pac was developed by introducing PacI sites adjacent to the pSC101 origin of replication to facilitate transfer of the reporter cassette to other vectors. (B) The mean luminescence activity in counts per second was measured in triplicate for all strains grown in tryptone broth. The growth curves were within 5%, and no significant differences in growth were observed between these strains and the parent strain (data not shown). RP437/pCGNot21 (open square) contains the vector lacking the lux reporter, RP437/pCS26 (closed triangle) contains a promoterless vector, and RP437/pCS16 (closed diamond) contains the flgB promoter in pCS26. RP437/pCS16 luminescence is plotted on the secondary y axis.
vices, Bothell, Wash.) using pZE.06 and the DNA sequences obtained were compared with the GenBank database by using the NCBI standard nucleotidenucleotide BLAST program blastN and further analyzed using Vector NTI (InforMax).
Fur regulation. For examination of Fur regulation of the iron-responsive clones, we used a variation of the Fur titration experiment (45) utilizing a highcopy conjugal plasmid containing a Fur binding site. The E. coli MG1655 fepA promoter (ϳ612,091 to 611,671 bp) (5) was cloned into the conjugal donor plasmid pEX18Tc (22) and this construct was moved into E. coli conjugal donor strain 1808 by electroporation. The donor was grown overnight and the cells were harvested by centrifugation in a Beckman JA-20 rotor in a Beckman J2-21 centrifuge for 5 min at 5,000 rpm at 4°C. Cells were washed twice and resuspended in LB medium at 1/30 the original culture volume. The recipient cells (the iron-responsive clones) were grown from frozen stock cultures overnight. LB agar plates containing KAN (75 g/ml) and TET (30 g/ml) were heavily inoculated with the donor strain and the recipients were stamped onto this. Plates were incubated at 37°C for 2 days. Conjugants were stamped into fresh liquid LB medium containing KAN (75 g/ml) and TET (30 g/ml) and grown overnight. Screens were performed as described above. Time points for assay were 2, 4, 6, 8, and 24 h. A second assay, including time points at 14, 16, and 18 h, was done to ensure that delays in promoter expression were not being overlooked due to slow growth of the conjugants.
Expression data analysis. Promoter expression data were analyzed with Cluster Software (12) hierarchical clustering. The expression data was adjusted in Cluster first by mean centering each gene and then by normalizing the expression magnitudes of the genes. Unweighted hierarchical clustering using uncentered correlation as a similarity measure and average linkage clustering was performed. Cluster analysis was visualized with Treeview software (12) .
RESULTS

Optimizing library construction.
Prior to construction of an entire genomic library, the methods were optimized with a partial E. coli MG1655 random promoter library. The method consisted of ligating Sau3A-digested DNA fragments into the BamHI site of pCS26-Pac (Fig. 1A ) and transforming the ligation products into the appropriate strain background. An important feature of this vector is the luxCDABE reporter (33) that does not require the addition of substrate or further manipulations to produce light from an active promoter. The absence of endogenous promoter activity from the construct, which has strong transcriptional terminators, ensures that the strain containing the vector is nonluminescent (Fig. 1B) , allowing promoters even with very low basal activity to be detected. Positive promoter clones were identified by light production (as a measure of their expression levels) under different assay conditions and compiled to form the library. Here the term promoter refers to the regulatory region(s) that controls gene expression in addition to the RNA polymerase binding site.
This strategy has the limitation that only the promoters that are active under the assay conditions used for library construction will be included in the final promoter library. To investigate this, we examined the MG1655 library for activity under a variety of conditions, including LB medium, M9 minimal medium supplemented with glycerol, LB medium supplemented with various carbon sources, LB medium under anaerobic conditions, LB medium at pH 5.5, and LB medium with 300 mM NaCl (data not shown). Surprisingly, the two assay media LB and M9-glycerol enabled nearly comprehensive promoter clone identification (96% of the positives identified under all conditions). Of the single conditions, only anaerobic screening contributed significantly to the data set (ϳ3% of total positives). Construction of the Salmonella serovar Typhimurium random promoter library. Construction of the random promoter library involved generating 111,360 random clones and screening them for light production in LB and minimal media at two different time points. Statistics associated with library construction are summarized in Table 1 . Promoters displaying expression levels greater than or equal to three times the median of assayed activity from all random clones were included in the library, with a final total of 6,528 clones. With estimations of one promoter for every two kilobases of DNA and a genome size for Salmonella serovar Typhimurium of 4,857 kb (32), a library this size represents approximately 2.7-fold coverage of predicted promoter regions. Analysis of sequenced clones demonstrated the random distribution of the fragments throughout the genome (data not shown).
For screening the library, a simple protocol was followed that requires minimal automation. Multiple cultures were inoculated into selected media in 384-well plates using a 384-pin replicator. This approach allows the screens to be set up rapidly and without the requirement for automated pipetting. To determine if this approach is consistent and reproducible, the library was screened under duplicate conditions. The results for each condition were plotted against each other and visualized in a scatter plot (Fig. 2) . The expression levels lie on the diagonal with a slope of one, indicating that the growth of the replica cultures is the same in duplicate wells and that manual stamping is a reliable means for subculturing a library under screen conditions. Importantly, the reproducibility extends to promoters with moderate to low activity. The small degree of variability observed (i.e., points off the diagonal) can most likely be attributed to minor growth effects, as differences in (%) of false positives ........................................................................................................................................................ .............................................................................................................................................................................. growth were not accounted for in this assay; variability decreases as the time course proceeds (Fig. 2, inset ). Screening the library with iron. The random promoter library was screened for differential responses to replete and limiting iron conditions (Fig. 3) . The closeness of the fit of the expression data to the diagonal linear trend line indicates the level of differential activity of a clone under the two assay conditions. Promoters with differences in expression of threefold or more are indicated in color. Differences in expression levels of Ͼ1,000-fold were observed between the two conditions for some of the iron-responsive genes.
Rescreening 628 putative iron-regulated promoter clones over an 8-h time course (Fig. 4A ) resulted in the identification of false positives (n ϭ 148) and 480 differentially expressed clones (Table 1) . Real-time expression profiles for promoters, under a variety of conditions, were generated concurrently with measurements of bacterial growth. The severalfold induction levels for all promoters in response to iron are listed in Table 2 . Expression data generated over a 24-h time course in minimal and LB media with high and low iron levels are presented in Fig. 4A . We utilized hierarchical clustering of the promoter expression data with the software Cluster (12) . Clustering the temporal profiles from various medium conditions allows for the refined definition of coregulated genes, showing numerous clusters responding to different combinations of medium conditions in high or low iron.
False positives represent promoters that may have been selected as iron responsive initially due to a variety of factors (small growth effects, luminescence cross talk in the multiwell plate) but in fact are not shown as iron responsive once a more detailed screen is performed. Fifty-one clones that were not affected by iron were included as negative controls and their expression falls within the threefold expression difference used as the threshold for regulated clone selection (data not shown).
Analysis of Fur dependence. The negative transcriptional regulator Fur is responsible for the regulation of a number of FIG. 2 . Scatter plot analysis of duplicate screens under low-iron conditions. Luminescence readings were taken at 6 and 20 h (inset). The lines demarcate the threefold differences in expression level. The linear trend for the duplicate data points indicates that plate-to-plate variability is minimal. Points falling outside the threefold range (3% of data points) can most likely be attributed to growth effects arising from variation in inoculum. Promoter clones with expression levels below or equal to background were not included in the data set.
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on July 16, 2017 by guest http://jb.asm.org/ iron-responsive genes in Salmonella (4, 15, 47) . In order to characterize the iron-responsive clones with respect to Fur regulation, a variation of the Fur titration assay (45, 47) was carried out and expression data were clustered as shown in Fig.  4B . Three groups were identified, consisting of promoters with increased expression when Fur was titrated (class A) and decreased expression when Fur was titrated (class B) and promoters that appeared to be regulated independently of Fur (class C). Characterization and sequence analysis of selected clones. Nucleotide sequence data were produced for 125 of 480 ironresponsive clones (Table 2) . We identified 12 promoters for genes that have previously been shown or postulated to respond to iron. In addition, many other genes of known (47%; 35 of 74) or unknown (53%; 39 of 74) function not previously identified as iron responsive were shown to be regulated by iron in this study. We estimate 2.7-fold coverage of the genome and we found that 16 promoters were represented more than once, with 5 promoters represented more than twice. For example, the iron-regulated promoter fhuA is represented by two nonidentical clones that have overlapping sequences but different 5Ј and 3Ј termini and possess identical expression profiles (data not shown).
We have identified sixteen fragments containing active promoters that, based on their chromosomal location, were not anticipated. These orphan promoters are located in positions that would not drive the expression of annotated open reading frames (data not shown).
DISCUSSION
The procedure for cloning random DNA fragments into promoterless vectors to identify promoters displaying condition-dependent gene regulation is a well-established method (29, 32, 43, (48) (49) (50) . We adapted this approach and incorporated the luxCDABE reporter to develop sensitive methods FIG. 3 . Scatter plot analysis of library screens under low-versus high-iron conditions. Luminescence readings were taken at 6 and 20 h (inset). The colored data points represent promoter clones exhibiting Ͼ3-fold differences in expression between the two conditions; red represents promoters active under low-iron conditions, and green represents promoters active under high-iron conditions. Promoter clones with expression levels below or equal to background were not included in the data set.
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amenable to real-time resolution of gene expression. The result is that the construction and screening of random promoter libraries is highly applicable to global gene expression studies.
We demonstrate the efficacy of this approach with the highthroughput expression profiling of a Salmonella serovar Typhimurium random promoter library in response to iron. Onequarter of iron-responsive promoter clones were sequenced, and as expected for a library with nearly threefold coverage, 16 promoters were represented more than once. Ten previously characterized iron-regulated genes were identified, including iroB, fhuA, fhuF, entC, fepA, cirA, sitA, tonB, bfd, and fumA. In addition, we observed iron regulation of genes coding for iron storage and mobility proteins and iron-containing proteins. We also identified putative transcriptional regulators, cytoplasmic, periplasmic and membrane-associated proteins, transporters, a protease, and oxidoreductases. By generating a global iron response profile, it may be possible to identify uncharacterized iron transport and utilization systems, as well as iron-containing proteins that may exist in Salmonella.
We observed the expression of several virulence genes in response to iron. The fragment containing the upstream regulatory region for sitA, a component of the Salmonella pathogenicity island 1-encoded iron uptake system (54), was identified as an iron-responsive promoter in this screen in addition to several other virulence-associated genes (fimZ, invH, sicA, sifB, and sopA). While expression of the sitA transporter is induced in low iron, the remaining genes were optimally expressed in high iron. The ability to respond to changes in iron levels is important for the establishment of pathogens (41) . Traditionally, the host has been portrayed as a low-iron environment (14, 41) . In contrast, recent work suggests that bacteria experience gradients of iron in the gastrointestinal tract between the lumen and epithelial cell surface (8) . Moreover, the Salmonella-containing vacuole in the macrophage is not iron restricted (13) . The recognition that iron levels are variable in the host indicates that bacterial gene regulation in response to iron through the course of an infection may be more complex than previously thought.
Fur is a well-established negative transcriptional regulator that responds to iron availability and class A expression profiles are consistent with traditional Fur regulation. Several gene products of sequenced promoters are involved in Furregulated iron scavenging systems. Interestingly, two promoters, ydiE (putative hemin uptake factor) and yqjH (putative iron chelator utilization protein), predicted to be Fur regulated using a comparative genomic approach (38) , were also identified as such in this screen.
Our screens have established bfd, a bacterioferritin-associated ferredoxin, as a class A gene. bfd was also shown to be iron responsive in P. aeruginosa, and a candidate Fur box was identified (37) . Fur regulation of bfd suggests that when iron is low in the cell, bfd would be derepressed and its product would function to mobilize iron from bacterial storage proteins. In contrast, bacterioferritin (Bfr), an iron storage protein and the second gene in an operon with bfd (16, 30) , is up-regulated in a Fur-dependent manner in high iron through regulation by the small RNA RyhB (30) . Production of RyhB is repressed by Fur in the presence of iron, leading indirectly to positive Fur regulation in the cell. When iron is low, Bfr levels would be down-regulated by RyhB, halting the production of iron storage proteins in the absence of available iron. Under high-iron conditions, significant basal expression of bfd (data not shown) was observed, suggesting incomplete repression of the operon by Fur and, subsequently, expression of bfr. The differential expression of this operon is an example of the complex regulation of Salmonella serovar Typhimurium in response to iron.
Where class A genes are negatively regulated by Fur in the classical manner, class B genes appear to be positively regulated by Fur. Small regulatory RNA molecules such as RyhB provide a mechanism for positive Fur regulation; it is likely that RyhB, dependent on the Hfq RNA-binding protein for function, regulates the target gene by terminating transcription postinitiation (30, 31, 34) . Many of our random clones contain not only the promoter regions but also a significant portion of the gene and may include the target sites for small RNAs. In this study, ftnB and fumA were positively regulated by Fur under high-iron conditions. Ferritin (ftnA) from E. coli was shown to be regulated through RyhB, suggesting that ftnB may be similarly regulated. fumA was also identified as a RyhBregulated gene (1, 30) . There are several additional class B genes encoding iron-containing or iron-dependent proteins, including dmsA, frdA, cybC, fdnG, and adhE, which may be similarly regulated. These results illustrate that this approach may be suitable for measuring posttranscriptional effects at the level of RNA stability. Alternative mechanisms for regulation in this class may involve other small RNA-dependent mechanisms (52), Fur regulation of other regulators, and indirect induction of oxidative stress in the cell (46) . Remaining promoters in class C may be subject to more complex or new mechanisms of iron regulation and are currently under investigation. These classes are the result of examining global effects of iron changes in the environment that may act directly (Fur) or indirectly (oxidative stress) on gene expression.
Some of the difficulties encountered with other methods of whole-genome expression profiling are overcome with this random promoter library approach. The reporter-detection system readily monitors low promoter activity to allow for a more thorough evaluation of genes being expressed and accurately Putative aspartate racemase 32 dmsA reflects real-time changes in gene expression. One complication of this random approach is the nonspecific cloning of DNA with promoter activity that may be a product of several regulatory effects. However, a significant advantage is the potential discovery of unannotated promoters and regulatory regions. There is also some likelihood that promoters may be missed, yet the redundancy of sequenced clones that include the same promoter is indicative of good genome-wide coverage. The screening method is versatile and a wide range of conditions can be assayed in liquid, biofilm, solid medium, and mixed-community assays.
Temporal expression profiling that is readily achieved using promoter reporter fusions can reveal subtleties in gene regulatory networks that may be difficult to resolve using other approaches (25) , allowing the inference of internal physiological states. This strategy for transcriptional analysis has the potential to generate quantitative high-resolution global expression patterns. Such information along with proteome and metabolome data will ultimately lead to the development of predictive models of gene regulation and microbial physiology. 
